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ABSTRACT
We show how to interoperate,semanticallyand inferentially, be-
tween the leading SemanticWeb approachesto rules (RuleML
Logic Programs)and ontologies(OWL/DAML+OIL Description
Logic) via analyzingtheirexpressive intersection.To doso,wede-
�ne a new intermediateknowledgerepresentation(KR) contained
within this intersection:DescriptionLogic Programs(DLP), and
thecloselyrelatedDescriptionHorn Logic (DHL) which is anex-
pressivefragmentof �rst-order logic (FOL).DLP providesasignif-
icantdegreeof expressiveness,substantiallygreaterthantheRDF-
Schemafragmentof DescriptionLogic.

We show how to performDLP-fusion: thebidirectionaltransla-
tion of premisesandinferences(includingtypicalkindsof queries)
from theDLP fragmentof DL to LP, andvice versafrom theDLP
fragmentof LP to DL. In particular, this translationenablesoneto
“build ruleson top of ontologies”: it enablesthe rule KR to have
accessto DL ontologicalde�nitions for vocabularyprimitives(e.g.,
predicatesandindividual constants)usedby therules.Conversely,
the DLP-fusion techniquelikewise enablesone to “build ontolo-
gieson top of rules”: it enablesontologicalde�nitions to be sup-
plementedby rules,or importedinto DL from rules.It alsoenables
availableef�cient LP inferencingalgorithms/implementationsto be
exploitedfor reasoningover large-scaleDL ontologies.

Categoriesand SubjectDescriptors
I.2.4 [Knowledge Representation Formalisms and Methods]:
Representationlanguages,Representations(proceduraland rule-
based);H.3.4 [World Wide Web]; H.4.m [Inf ormation Systems
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1. INTRODUCTION
Thechallengewe addressin this paperis how andwhy to com-

bineruleswith ontologiesfor theSemanticWeb(SW). In this pa-
per, we focus on meetingkey requirementsfor sucha combina-
tion of rules and ontologiesby establishingthe basisfor a com-
binedlogical knowledgerepresentation(KR) formalism. We start
from the currentdraft standardsfor ontologies(DAML+OIL) [6]
andfor rules(RuleML) [3] in theSemanticWebcontext, andshow
how aspectsof eachlanguagecanbe translatedto theother. Both
standardscorrespondwith establishedKR formalisms:Description
Logic (DL) in thecaseof DAML+OIL, and(declarative) logic pro-
grams(LP) in thecaseof RuleML.1 Thiscorrespondenceallowsus
to exploit resultsw.r.t. the mappingof eachKR to classicalFirst
OrderLogic (FOL).

A mappingbetweenontologyandrulelanguagesis importantfor
many aspectsof theSemanticWeb:
Languagelayering TheSemanticWebcanbeviewedaslargely
about“KR meetstheWeb”. Over thelast two yearsor so,a broad
consensushasevolved in the SemanticWeb communitythat the
vision of theSemanticWeb includes,speci�cally, rulesaswell as
ontologies.A key requirementfor theSemanticWeb'sarchitecture
overall, then,is to be ableto layer ruleson top of ontologies—in
particularto createandreasonwith rule-basesthatmentionvocab-
ulary speci�edby ontology-basedknowledgebases—andto do so
in asemanticallycoherentandpowerful manner.
Querying The capabilitiesof ontology languageswith respect
to instancescan be rather low, and even conjunctive queries—
theleastexpressive querylanguageusuallyconsideredin database
research—areoften not supported[4]. This areais a stronghold
of rules, which offer extensive facilities for instancereasoning.
Hence,it is interestingto considercombiningDLs with the rule
paradigmin orderto stateexpressive instancequeriesw.r.t. termi-
nologicalknowledgebases.
Data integration The majority of today's dataresidesin rela-
tional databases.As theSemanticWebgrows in importance,peo-
ple will probablystartexportingtheir dataaccordingto somecho-
senontology. This essentiallyleadsto datathat is replicatedin
order to enableontology-basedprocessing,e.g., by readingthe
exported�les into a classi�er suchas FaCT [12] or Racer[10].

1In tandemwith RuleML/LP, we alsofocuson the(positive) Horn
subsetof FOL, which is closelyrelatedto thepositive Horn subset
of LP.



Logic programmingsystemssuchasXSB [16], however, canac-
cessdatabasesdirectly throughbuilt-in predicates.Furthermore,
restrictedvariantsof logic programs,suchastheonesestablishedin
thispaper, canbedirectlyimplementedontopof SQL99-compliant
relationaldatabases.Hence,anLP-basedimplementationof anon-
tology languageallowsacloserinteractionwith livedata.
SemanticWeb Services A task-orientedmotivationfor combin-
ing ruleswith ontologiesarisesfrom theefforts to designandbuild
SemanticWeb Services(SWS). SemanticWeb Servicesattemptto
describeservicesin a knowledge-basedmannerin order to use
themfor avarietyof purposes,including:discoveryandsearch;se-
lection,evaluation,negotiation,andcontracting;compositionand
planning; execution; and monitoring. Both rules and ontologies
arenecessaryfor suchservicedescriptionsandplay complemen-
tary roles:while ontologiesareusefulfor representinghierarchical
categorisationof servicesoverall andof their inputsandoutputs,
rulesareuseful for representingcontingentfeaturessuchasbusi-
nesspolicies,or the relationshipbetweenpreconditionsandpost-
conditions.

2. OVERVIEW OF THE APPROACH
Thissectiongivesanoverview of ourapproachandsketchesthe

outline of the remainderof the paper. Our approachis driven by
the insight that understandingthe expressive intersectionof two
the KRs will be crucial to understandingthe expressive combina-
tion/unionof thetwo KRs. Hence,we startwith thegoalof under-
standingtherelationshipbetweenbothlogic basedKR formalisms
(soasto beableto combineknowledgetakenfrom both):Descrip-
tion Logics(decidablefragmentsof FOL closelyrelatedto propo-
sitionalmodalanddynamiclogics[17]), andLogic Programs(see,
e.g., [2] for review) which in turn is closely relatedto the Horn
fragmentof FOL. SinceDescriptionLogics resemblea subsetof
FOL without functionsymbols,wesimilarly focusonthefragment
of Horn FOL, def-Horn, thatcontainsno functionsymbols.Both
DL andLP arethenrelatedto def-Horn.

Theestablishedcorrespondenceis usedto de�ne anew interme-
diateKR calledDescriptionHorn Logic (DHL), whichis contained
within the intersection,andthe closely relatedDescriptionLogic
Programs(DLP), which canbe viewed asDHL with a moderate
weakeningasto thekindsof conclusioncanbedrawn.

Figure1: Expressiveoverlap of DL with LP.

Figure1 illustratestherelationshipbetweenthevariousKRsand
their expressive classes.DL andHorn arestrict (decidable)sub-
setsof FOL. LP, on the otherhand,intersectswith FOL but nei-
ther includesnor is fully includedby FOL. For exampleFOL can

express(positive) disjunctions,which areinexpressiblein LP. On
the other hand,several expressive featuresof LP, which are fre-
quentlyusedin practicalrule-basedapplications,areinexpressible
in FOL (andconsequentlyalsooutsideof def-Horn). Oneexam-
ple is negation-as-failure,abasickind of logicalnon-monotonicity.
Anotherexampleis proceduralattachments,e.g.,theassociationof
action-performingproceduralinvocationswith thedrawing of con-
clusionsaboutparticularpredicates.

DescriptionLogic Programs,our newly de�ned intermediate
KR, is containedwithin the intersectionof DL andLP. “Full” LP,
including non-monotonicityandproceduralattachments,canthus
be viewed as including an “ontology sub-language”,namelythe
DLP subsetof DL.

Ratherthanworking from the intersectionaswe do in this pa-
per, onemay insteaddirectly addressthe expressive union of DL
andLP by studyingtheexpressive unionof DL andLP within the
overall framework of FOL. This is certainlyaninterestingthing to
do. However, to our knowledge,this hasnot yet beenwell charac-
terisedtheoretically, e.g., it is unclearhow, if at all, sucha union
differsfrom full FOL.

Full FOL hassomesigni�cant practicaland expressive draw-
backsas a KR in which to combineDL and rules. First, full
FOL has severe computationalcomplexity: it is undecidablein
the generalcase,and intractableeven underthe Datalogrestric-
tion (seeSection3.2). Second,it is not understoodeven at a ba-
sic researchlevel how to expressively extendfull FOL to provide
non-monotonicityand proceduralattachments;yet theseare cru-
cial expressive featuresin many (perhapsmost)practicalusagesof
rules. Third, full FOL andits inferencingtechniqueshave severe
practicablelimitationssinceit is unfamiliar to thegreatmajorityof
mainstreamsoftwareengineers,whereasrules(e.g.,in theform of
SQL-typequeries,or Prolog)arefamiliar conceptuallyto many of
them.

Via the DLP KR, we give a new techniqueto combineDL and
LP. We show how to performDLP-fusion: the bidirectionalmap-
pingof premisesandinferences(includingtypicalkindsof queries)
from theDLP fragmentof DL to LP, andfrom theDLP fragment
of LP to DL. DLP-fusionallows usto fusethetwo logical KRs so
that information from eachcan be usedin the other. The DLP-
fusion techniquepromisesseveral bene�ts. In particular, DLP-
fusionenablesoneto “build ruleson top of ontologies”:it enables
the rule KR to have accessto DL ontologicalde�nitions for vo-
cabulary primitives(e.g.,predicatesandindividual constants)used
by the rules. Conversely, the techniqueenablesoneto “build on-
tologieson top of rules”: it enablesontologicalde�nitions to be
supplementedby rules, or importedinto DL from rules. It also
enablesef�cient LP inferencingalgorithms/implementations,e.g.,
rule or relationaldatabaseengines,to be exploited for reasoning
over large-scaleDL ontologies.

3. PRELIMIN ARIES
In this sectionwe will introduceHorn Logic, DescriptionLogic

(DL) andtheDL basedontologylanguageDAML+OIL. In partic-
ular, we will describetheir syntaxandformalisetheir meaningin
termsof classicalFirst OrderLogic (FOL).

3.1 DAML+OIL and Description Logic
DAML+OIL is an ontology languagedesignedfor useon the

(semantic)web. Although DAML+OIL is syntactically“layered”
on top of RDFS,semanticallyit is layeredon a subsetof RDFS.
This subsetdoesnot includeRDFS's recursive metamodel (i.e.,
the unrestricteduseof the type relation),but insteadtreatsRDFS



Constructor DL Syntax Example
intersectionOf C1 u : : : u Cn Humanu Male
unionOf C1 t : : : t Cn Doctort Lawyer
complementOf : C : Male
oneOf f i 1 : : : i n g f john; maryg
hasClass 9P:C 9hasChild:Lawyer
toClass 8P:C 8hasChild:Doctor
hasValue 9P:f i g 9citizenOf:f USAg
minCardinalityQ > n P:C > 2hasChild:Lawyer
maxCardinalityQ 6 n P:C 6 1hasChild:Male
cardinalityQ = n P:C = 1hasParent:Female

Figure3: DAML+OIL classconstructors

asaverysimpleDL supportingonlyatomicclassnames.Likeother
DLs, this“DAML+OIL subset”of RDFScorrespondstoafragment
of classicalFOL, making it mucheasierto develop mappingsto
rulelanguagesaswell asto DLs. Fromnow on,whenwetalk about
RDFS,wewill bereferringto theDAML+OIL subsetof RDFS.

DAML+OIL is equivalentto a very expressive DL—in fact it is
equivalent to the SH OI Q(D ) DL [13, 11]. In addition to “ab-
stract” classesandindividuals,DAML+OIL alsosupportstheuse
of “concrete”datatypesanddatavalues(the(D ) in SH OI Q(D )).
In this paper, however, we will restrictour attentionto theabstract
partof thelanguage,whichcorrespondsto theSH OI Q DL.

Figure2 (on page) shows how DAML+OIL statementscorre-
spondto SH OI Q axioms,whereC (possiblysubscripted)is a
class,P (possiblysubscripted)is a property, P � is the inverseof
P , P + is thetransitive closureof P , i (possiblysubscripted)is an
individual and> is anabbreviation for A t : A for someclassA
(i.e., themostgeneralclass,called“Thing” in DAML+OIL).

It canbeseenthatall DAML+OIL statementscanbereducedto
class/propertyinclusionaxiomsandgroundfacts(assertedclass-
instanceandinstance-property-instancerelationships).2 In thecase
of transitiveProperty , however, the axiom P + v P is
taken to be equivalent to assertingthat P is a transitive property
(likeDAML+OIL, SH OI Q doesnot includethetransitiveclosure
operator).

As in any DL, DAML+OIL classescanbenames(URIs) or ex-
pressions, anda variety of constructors areprovided for building
classexpressions.Figure3 summarisestheavailableconstructors
andtheir correspondencewith SH OI Q classexpressions.

The meaningof SH OI Q is usually given by a model theory
[13]. However, SH OI Q can also be seenin termsof a corre-
spondenceto FOL, whereclassescorrespondto unarypredicates,
propertiescorrespondto binary predicatesand subclass/property
axiomscorrespondto implication[7, 4].

To bemoreprecise,individualsareequivalentto FOL constants,
classesandclassexpressionsareequivalentto FOL formulaewith
onefree variable,andproperties(andpropertyexpressionswhen
supportedby theDL) areequivalentto FOL formulaewith two free
variables. Classandpropertyinclusionaxiomsareequivalent to
FOL sentencesconsistingof animplicationbetweentwo formulae
with thefreevariablesuniversallyquanti�edattheouterlevel. E.g.,
a DL axiom of the form C v D is equivalentto a FOL sentence
of theform 8x:C (x) ! D (x). DL axiomsof theform a : C and
ha; bi : P correspondto groundatomsC(a) andP(a; b). Finally,
DL axiomsassertingthetransitivity of a propertyP , thefunction-
ality of a propertyP andthatpropertyQ is theinverseof property
2Equivalenceaxiomscanbe reducedto a symmetricalpair of in-
clusionaxioms.

DL FOL
a : C C(a)
ha; bi : P P(a; b)
C v D 8x:C (x) ! D (x)
P + v P 8x; y; z:(P (x; y) ^ P(y; z)) ! P (x; z)
> v 6 1P 8x; y; z:(P (x; y) ^ P(x; z)) ! y = z
P � Q� 8x; y:P (x; y) ( ) Q(y; x)

C1 u : : : u Cn C1(x) ^ : : : ^ Cn (x)
C1 t : : : u Cn C1(x) _ : : : _ Cn (x)
: C : C(x)
f a1 ; : : : ; an g x = a1 _ : : : _ x = an

9P:C 9y:(P (x; y) ^ C(y))
8P:C 8y::(P (x; y) ! C(y))
> n P:C 9y1 ; : : : ; yn :

V
16 i 6 n (P (x; yi ) ^ C(yi ))

^
V

16 i<n;i<j 6 n yi 6= yj

6 (n � 1) P:C 8y1 ; : : : ; yn :(
V

16 i 6 n (P (x; yi ) ^ C(yi )))
! (

W
16 i<n;i<j 6 n yi = yj )

Figure4: DL FOL equivalence

P areequivalentto FOL sentencesof theform 8x; y; z:(P (x; y) ^
P(y; z)) ! P (x; z), 8x; y; z:(P (x; y) ^ P(x; z)) ! y = z and
8x; y:P (x; y) ( ) Q(y; x) respectively.

Figure4 summarisestheaboveequivalencesandshowstheFOL
formulaecorrespondingto the DL classexpressionsdescribedin
Figure3, wherea; bareconstants,andx is thefreevariable.These
formulaecanbecomposedin theobviousway, e.g.,9R:(C u D ) �
9y:(P (x; y) ^ (C(y) ^ D (y))) .

As a notationalconventionwe will, throughoutthepaper, usea
andb for constantsandw, x, y andz for variables.

3.2 Logic Programsand Horn FOL
Declarative logic programs(LP) is theKR whosesemanticsun-

derlies in a large part the four families of rule systemsthat are
currentlymostcommerciallyimportant—SQLrelationaldatabases,
OPS5-heritageproduction rules, Prolog, and Event-Condition-
Action rules—aswell asthe proposalsfor rules in context of the
SemanticWeb.

As mentionedbefore,thecommonlyusedexpressivenessof full
LP includesfeatures,notablynegation-as-failure/prioritiesandpro-
ceduralattachments,thatarenot expressiblein FOL, muchlessin
DL. We thusconcentrateononly anexpressiveportionof LP.

An ordinary (a.k.a.“normal”3) LP is a setof ruleseachhaving
theform:

H  B 1 ^ : : : ^ Bm ^ � Bm +1 ^ : : : ^ � B n
whereH , B i areatoms(atomicformulae),andn � m � 0. Note
thatno restrictionis placedon thearity of thepredicatesappearing
in theseatoms.Logical variables,andlogical functions(with any
arity), mayappearunrestrictedlyin theseatoms.

H is calledthehead(a.k.a.consequent) of therule;
B1 ^ : : : ^ Bm ^ � Bm +1 ^ : : : ^ � B n

iscalledthebody(a.k.a.antecedent) of therule.  is toberead
as“if ”, sothattheoverall ruleshouldbereadas“[head] if [body]”,
i.e., “if [body] then[head]”. If n = 0, thenthebodyis empty, i.e.,
T r ue, andnotationallythe “  ” is often omitted. A fact is a
rule whosebody is emptyandwhoseheadis a groundatom. �
standsfor negation-as-failure, a logically non-monotonicform of
negationwhosesemanticsdiffers,in general,signi�cantly from the

3[2] call this “general”; however, thereareactuallya numberof
frequentlyusedextensions!



Axiom DL Syntax Example
subClassOf C1 v C2 Humanv Animal u Biped
sameClassAs C1 � C2 Man � Humanu Male
subPropertyOf P1 v P2 hasDaughterv hasChild
samePropertyAs P1 � P2 cost� price
disjointWith C1 v : C2 Male v : Female
sameIndividualAs f i 1g � f i 2g f PresidentBushg � f G W Bushg
differentIndividualFrom f i 1g v :f i 2g f johng v :f peterg
inverseOf P1 � P �

2 hasChild� hasParent�

transitiveProperty P + v P ancestor+ v ancestor
uniqueProperty > v 6 1P:> > v 6 1hasMother:>
unambiguousProperty > v 6 1P � :> > v 6 1 isMotherOf� :>
range > v 8P:C > v 8hasParent:Human
domain > v 8P � :C > v 8hasParent� :Human
i type C i : C john : Man
i 1 P i 2 hi 1 ; i 2 i : P hjohn; peteri : hasParent

Figure2: DAML+OIL statementsand SH OI Q axioms

semanticsof classicalnegation(: ). Intuitively, � B i means“B i is
not believed” (i.e., is unknown or false),whereas: means“B i is
false”. Intuitively, eachrule canbe viewed asuniversallyquanti-
�ed at theouterlevel. More precisely, eachrule canbeviewedas
standingfor thesetof all its groundinstantiations.

A de�nite LP is anordinaryLP in whichnegation-as-failuredoes
notappear, i.e.,asetof ruleseachhaving theform:

H  B 1 ^ : : : ^ Bm

whereH , B i areatoms,andm � 0.
De�nite LP is closelyrelatedsyntacticallyandsemanticallyto

the Horn fragmentof FOL, a.k.a.Horn-clauselogic. A clausein
FOL hastheform:

L 1 _ : : : _ L k

whereeachL i is a(classical)literal. A literal L haseithertheform
(1) A or (2) : A, whereA is anatom.Theliteral is saidto bepos-
itive in case(1), or to be negativein case(2). A clauseis saidto
beHorn whenat mostoneof its literalsis positive. A Horn clause
is saidto bede�nite whenexactlyoneof its literals is positive. A
de�nite Hornclauseis alsoknown asa Horn rule. A de�nite Horn
clause,a.k.a.Horn rule, canthusbewritten in theform:

H  B 1 ^ : : : ^ Bm

where H , B i are atoms,and m � 0. We say that this Horn
rule correspondsto the de�nite LP rule that has the samesyn-
tactic form, andvice versa. Likewise, we saythat a Horn ruleset
RH anda de�nite LP rulesetRP correspondto eachotherwhen
their rulesdo (isomorphically). We thenalsosaythat RP is the
LP-correspondentof RH , andconverselythat RH is the Horn-
correspondentof RP .

As mentionedabove, it is implicit in thisnotationthatall logical
variablesareuniversallyquanti�ed at theouterlevel, i.e., over the
scopeof thewholeclause.E.g.,therule

man(x)  human (x) ^ mal e(x)
canbewrittenequivalentlyas:

8x: man(x)  human (x) ^ mal e(x).
Notethesimilarity with theFOL equivalentof aDL inclusion(sub-
ClassOf)axiomgivenin Figure4.

An LP rule or Horn clauseis saidto be equality-freewhenthe
equalitypredicatedoesnot appearin it. Likewise,eachis saidto
be Datalog whenno logical functions(of arity greaterthanzero)
appearin it.4

4TheDatalogrestrictionis usuallytakento mean,additionally, no
negationandonly “safe” rules(all variablesin theheadalsooccur

The semanticsof an ordinaryLP is de�ned to be a conclusion
set, whereeachconclusionis a groundatom,i.e., fact,entailedby
the LP. Formally, the semanticsof a de�nite LP R is de�ned as
follows. Let HBstandfor theHerbrandbaseof R . Theconclusion
setC is thesmallest(w.r.t. setinclusion)subsetS of HBsuchthat
for any rule

H  B 1 ^ : : : ^ Bm ,
if B1 ^ : : : ^ Bm 2 S thenH 2 S.

Therelationshipof LP semanticsto FOL semanticsis relatively
simpleto describefor thecaseof de�nite equality-freeDatalogLP,
whichwecall def-LP. Thesyntacticallycorrespondingfragmentof
FOL is de�nite equality-freeDatalogHornFOL,whichwecall def-
Horn. Let RP be a def-LP.Let RH standfor the corresponding
def-Hornruleset. The conclusionsetof RP thencoincideswith
theminimal (w.r.t. setinclusion)Herbrandmodelof RH .

Hence,the def-LP and the def-Horn rulesetentail exactly the
samesetof facts.Every conclusionof thedef-LPis alsoa conclu-
sion of thedef-Hornruleset.Relative to thedef-Hornruleset,the
def-LP is thussound;moreover, it is completefor fact-formcon-
clusions,i.e., for querieswhoseanswersamountto conjunctions
of facts. However, the def-LP is a mildly weaker versionof the
def-Hornruleset,in the following sense.Every conclusionof the
def-LPmusthave theform of a fact. By contrast,theentailments,
i.e., conclusions,of the def-Horn rulesetare not restrictedto be
facts.E.g.,supposeRH consistsof thetwo rules

kiteDay (Tues)  sunny(Tues) ^ windy (Tues)
and

sunny(Tues).
Thenit entails

kiteDay (Tues)  windy (Tues)
(a non-unit derived clause)whereasRP doesnot. In practical
applications,however, quite often only the fact-formconclusions
aredesired,e.g.,an applicationmight be interestedabove only in
whetheror not kiteDay (Tues) is entailed. The def-LP hasthe
virtue of conceptualand computationalsimplicity. Thinking in
termsof expressive classes,we will view def-LP asan expressive
subsetof def-Horn—wewill call it theexpressive f-subset. def-LP
is amild weakeningof def-Hornalongthedimensionof entailment
power, permittingonly fact-formconclusions—wewill call this f-
weakening.

In returnfor this f-weakening,def-LPhassomequiteattractive

in thebody).



computationalcharacteristics(aswell asbeingexpressively exten-
sible in directionsthat FOL is not, asdiscussedearlier). For the
propositionalcaseof def-LP,exhaustiveinferencingis O(n) where
n = jRP j — i.e.,worst-caselineartime [8]. For thegeneralcase
with logicalvariables,theentireconclusionsetof adef-LPRP can
becomputedin timeO(nv +1 ), whenthereis aconstantboundv on
thenumberof logical variablesperrule (this restriction,which we
will call VB, is typically met in practise).Inferencingin def-LPis
thustractable(worst-casepolynomialtime) givenVB. In contrast,
DLs aregenerallynot tractable(typically ExpTime or evenNExp-
Time complexity for key inferenceproblems),andfull FOL is not
decidable.

4. MAPPING DL TO def­Horn
In this section we will discuss how DL languages(e.g.,

DAML+OIL) canbemappedto def-Horn,andviceversa.

4.1 ExpressiveRestrictions
We will �rst discussthe expressive restrictionsof DL anddef-

Horn as thesewill constrainthe subsetof DL and def-Horn for
whichacompletemappingcanbede�ned.

DLs aredecidablesubsetsof FOL wherethedecidabilityis due
in large part to their having (a form of) the tree model property
[19].5 This propertysaysthat a DL classC hasa model (an in-
terpretationI in which C I is non-empty)iff C hasa tree-shaped
model,i.e., onein which the interpretationof propertiesde�nes a
treeshapeddirectedgraph.

This requirementseverely restrictstheway variablesandquan-
ti�ers canbeused.In particular, quanti�ersmustberelativisedvia
atomicformulae(asin theguardedfragmentof FOL [9]), i.e., the
quanti�ed variablemustoccur in a propertypredicatealongwith
thefreevariable(recallthatDL classescorrespondto formulaewith
onefreevariable).For example,theDL class9P:C correspondsto
theFOL formula9y:(P (x; y) ^ C(y)) , wherethepropertypredi-
cateP actsasaguard.Oneobviousconsequenceof this restriction
is that it is impossibleto describeclasseswhoseinstancesarere-
latedto anotheranonymousindividualvia differentpropertypaths.
For example,it is impossibleto assertthatindividualswholiveand
work at thesamelocationare“HomeWorkers”. This is easywith a
Horn rule,e.g.:

HomeWorker(x)  work(x; y) ^ live(x; z) ^ loc(y; w) ^ loc(z; w)

Another restriction in DLs is that only unary and binary predi-
catescanusuallybe captured.6 This is a lessonerousrestriction,
however, astechniquesfor reifying higherarity predicatesarewell
known [12].

De�nite Horn FOL requiresthat all variablesare universally
quanti�ed (at theouterlevel of therule), andrestrictslogical con-
nectivesin certainways. Oneobviousconsequenceof the restric-
tion on quanti�ers is that it is impossibleto assertthe existence
of individualswhoseidentity might not be known. For example,
it is impossibleto assertthat all personshave a father(known or
unknown). This is easywith aDL axiom,e.g.:

Personv 9father:> :

5Expressive featuressuchastransitive propertiesandthe oneOf
constructorcompromisethe tree model propertyto someextent,
e.g.,transitive propertiescancause“short-cuts”down branchesof
thetree.
6This is notaninherentrestriction,andn-aryDLs areknown, e.g.,
DLR [5].

No negationmayappearwithin thebodyof a rule, nor within the
head.No existentialsmayappearwithin thehead.Thusit is impos-
sible to assert,e.g.,thatall personsareeithermenor women(but
notboth).ThiswouldalsobeeasyusingDL axioms,e.g.:

Person v Mant Woman
Man v : Woman:

The Datalogrestrictionof def-Horn is not an issuefor mapping
DL into it, sinceDL alsohasthe Datalogrestriction. Finally, the
equality-freerestrictionof def-Horn is a signi�cant restrictionin
that it prevents representing(partial-)functionalityof a property
andalsopreventsrepresentingmaximumcardinality. Theprohibi-
tion againstexistentialsin theheadpreventsrepresentingminimum
cardinality.

4.2 Mapping Statements
In this section,we show how (someof) thestatements(axioms)

of DL andDL basedlanguages(suchasDAML+OIL andOWL)
correspondto def-Hornstatements(rules).

4.2.1 RDFSStatements
RDFSprovidesa subsetof theDL statementsdescribedin Sec-

tion 3.1: subclass,subproperty, range, and domain statements
(which in aDL settingareoftencalledTboxaxioms);andasserted
class-instance(type) and instance-property-instancerelationships
(which in aDL settingareoftencalledAbox axioms).

As we saw in Section3.1,a DL inclusionaxiomcorrespondsto
anFOL implication.This leadsto a straightforwardmappingfrom
classandpropertyinclusionaxiomsto def-Hornrulesasfollows:

Cv D , i.e.,classC is subclassof classD , mapsto:
D (x)  C(x)

Qv P, i.e.,Q is asubpropertyof P , mapsto:
P (x; y)  Q(x; y)

As shown in Figure2, RDFSrangeanddomainstatementscor-
respondto DL axiomsof the form > v 8P:C (rangeof P is C)
and > v 8P � :C (domainof P is C). From Figure 4, we can
seethat theseare equivalent to the FOL sentences8x: true !
(8y: P (x; y) ! C(y)) and 8x: true ! (8y: P (y; x) !
C(y)) , which can be simpli�ed to 8x; y: P (x; y) ! C(y) and
8x; y: P (y; x) ! C(y) respectively. TheseFOL sentencesareal-
readyin def-Hornform, whichgivesusthefollowing mappingsfor
rangeanddomain:

> v 8P:C, i.e., therangeof propertyP is classC, mapsto:
C(y)  P (x; y)

> v 8P � :C, i.e.,thedomainof propertyP is classC, maps
to:

C(y)  P (y; x)

Finally, assertedclass-instance(type) and instance-property-
instancerelationships,whichcorrespondto DL axiomsof theform
a : C andha; bi : P respectively (Abox axioms),areequivalent
to FOL sentencesof the form C(a) and P(a; b), wherea and b
areconstants.Thesearealreadyin def-Hornform: they aresimply
ruleswith emptybodies(whicharenormallyomitted):

a : C, i.e., the individual a is an instanceof the classC,
mapsto:

C(a)

ha; bi : P , i.e., the individual a is relatedto theindividual b
via thepropertyP , mapsto:

P (a; b)

Notethatin theserulesa andbareground(constants).



4.2.2 DAML+OIL statements
DAML+OIL extends RDF with additional statementsabout

classesand properties(Tbox axioms). In particular, it addsex-
plicit statementsaboutclass,propertyandindividual equalityand
inequality, aswell asstatementsassertingpropertyinverses,transi-
tivity, functionality (unique)andinversefunctionality (unambigu-
ous).

As discussedin Section3.1, classandpropertyequivalenceax-
iomscanbereplacedwith a symmetricalpair of inclusionaxioms,
so they canbemappedto a symmetricalpair of def-Hornrulesas
follows:

C � D , i.e., the classC is equivalentto (hasthe sameex-
tensionas)theclassD , mapsto:

D (x)  C(x)
C(x)  D (x)

P � Q, i.e., the propertyP is equivalentto (hasthe same
extensionas)thepropertyQ, mapsto:

Q(x; y)  P (x; y)
P (x; y)  Q(x; y)

As we saw in Section3.1, the semanticsof inverseaxiomsof
the form P � Q� are capturedby FOL sentencesof the form
8x; y:P (x; y) ( ) Q(x; y), and the semanticsof transitivity
axiomsof theform P + v P arecapturedby FOL sentencesof the
form 8x; y; z:P (x; y) ^ P(y; z) ! P (x; z). This leadsto adirect
mappinginto def-Hornasfollows:

P � Q� , i.e., thepropertyQ is the inverseof theproperty
P , mapsto:

Q(y; x)  P (x; y)
P (x; y)  Q(y; x)

P + v P , i.e., thepropertyP is transitive,mapsto:
P (x; z)  P (x; y) ^ P(y; z)

As wesaw in Section3.1,DL axiomsassertingthefunctionality
of propertiescorrespondto FOL sentenceswith equality. E.g., a
DL axiom> v 6 1P (P is a functionalproperty)correspondsto
the FOL sentence8x; y; z:P (x; y) ^ P(x; z) ! y = z.7 This
kind of axiomcannotbedealtwith in our currentframework (see
Section4.1)asit would requiredef-Hornruleswith equalityin the
head,i.e., rulesof theform (y = z)  P (x; y) ^ P(x; z).

4.3 Mapping ClassConstructors
In the previous sectionwe showed how DL axiomscorrespond

with def-Hornrules,andhow thesecanbeusedto makestatements
aboutclassesandproperties.In DLs, theclassesappearingin such
axiomsneednotbeatomic,but canbecomplex compoundexpres-
sionsbuilt up from atomicclassesandpropertiesusingavarietyof
constructors.A greatdealof the power of DLs derivesfrom this
feature,and in particularfrom the set of constructorsprovided.8

In the following sectionwe will show how theseDL expressions
correspondto expressionsin thebodyof def-Hornrules.

In the following we will, asusual,useC; D to denoteclasses,
P; Q to denotepropertiesandn to denoteaninteger.

Conjunction(DL u )
A DL classcan be formed by conjoining existing classes,e.g.,
C u D . From Figure4 it canbe seenthat this correspondsto a

7Notethat,technically, this is partial-functionalityasfor any given
x thereis no requirementthatthereexist ay suchthatP (x; y).
8Notethatthis featureis notsupportedin theRDFSsubsetof DLs.

conjunctionof unarypredicates.Conjunctioncanbe directly ex-
pressedin the body of a def-Hornrule. E.g.,whena conjunction
occursonthel.h.s.of asubclassaxiom,it simplybecomesconjunc-
tion in thebodyof thecorrespondingrule

C1 u C2 v D � D (x)  C1(x) ^ C2(x)

Similarly, whena conjunctionoccurson the r.h.s.of a subclass
axiom, it becomesconjunctionin the headof the corresponding
rule:

C v D 1 u D 2 � D 1(x) ^ D 2(x)  C(x);

This is theneasily transformed(via the Lloyd-Topor transforma-
tions[14]) into apairof def-Hornrules:

D 1(x)  C(x)
D 2(x)  C(x)

Disjunction(DL t )
A DL classcanbe formedfrom a disjunctionof existing classes,
e.g.,C t D . FromFigure4 it canbeseenthatthiscorrespondsto a
disjunctionof unarypredicates.Whena disjunctionoccurson the
l.h.s.of asubclassaxiomit simplybecomesdisjunctionin thebody
of thecorrespondingrule:

C1 t C2 v D � D (x)  C1(x) _ C2(x)

This is easily transformed(again by Lloyd-Topor) into a pair of
def-Hornrules:

D (x)  C1(x)
D (x)  C2(x)

Whena disjunctionoccurson the r.h.s.of a subclassaxiom it
becomesa disjunctionin the headof the correspondingrule, and
thiscannotbehandledwithin thedef-Hornframework.

UniversalRestriction(DL 8)
In a DL, theuniversalquanti�er canonly beusedin restrictions—
expressionsof theform 8P:C (seeSection4.1). This is equivalent
to anFOL clauseof theform 8y:P (x; y) ! C(y) (seeFigure4).
P mustbea singleprimitive property, but C maybea compound
expression.Therefore,whena universalrestrictionoccurson the
r.h.s.of a subclassaxiomit becomesanimplication in theheadof
thecorrespondingrule:

C v 8P:D � (D (y)  P (x; y))  C(x);

which is easilytransformedinto thestandarddef-Hornrule:

D (y)  C(x) ^ P(x; y):

When a universalrestrictionoccurson the l.h.s. of a subclass
axiomit becomesanimplication in thebodyof thecorresponding
rule. This cannot,in general,bemappedinto def-Hornasit would
requirenegationin a rulebody.

ExistentialRestriction(DL 9)
In aDL, theexistentialquanti�er (like theuniversalquanti�er) can
only be usedin restrictionsof the form 9P:C. This is equivalent
to an FOL clauseof the form 9y:P (x; y) ^ C(y) (seeFigure4).
P mustbea singleprimitive property, but C maybea compound
expression.

Whenanexistentialrestrictionoccurson the l.h.s.of a subclass
axiom,it becomesaconjunctionin thebodyof astandarddef-Horn
rule:

9P:C v D � D (x)  P (x; y) ^ C(y):



Whenanexistentialrestrictionoccurson ther.h.s.of a subclass
axiom, it becomesa conjunctionin theheadof thecorresponding
rule,with a variablethat is existentiallyquanti�ed. This cannotbe
handledwithin thedef-Hornframework.

NegationandCardinality Restrictions(DL : , > and6 )
Theseconstructorscannot,in general,be mappedinto def-Horn.
Thecaseof negationis obviousasnegationis notallowedin either
the heador body of a def-Hornrule. As canbe seenin Figure4,
cardinalityrestrictionscorrespondto assertionsof variableequality
and inequality in FOL, and this is again outsideof the def-Horn
framework.

In somecases,however, it would bepossibleto simplify theDL
expressionusing the usualrewriting tautologiesof FOL in order
to eliminatetheoffendingoperator(s).For example,negationcan
alwaysbepushedinwardby usinga combinationof De Morgan's
laws andequivalencessuchas:9 P:C � 8P:: C and: > n P �
6 (n � 1) P [1]. Furthersimpli�cations are also possible,e.g.,
usingtheequivalencesC t : C � > , and8P:> � > . For thesake
of simplicity, however, wewill assumethatDL expressionsarein a
canonicalform whereall relevantsimpli�cations havebeencarried
out.

4.4 De�ning DHL via a Recursive Mapping
fr om DL to def­Horn

As we saw in Section4.3, someDL constructors(conjunction
anduniversalrestriction)canbemappedto theheadsof ruleswhen-
ever they occur on the r.h.s. of an inclusion axiom, while some
DL constructors(conjunction,disjunctionand existential restric-
tion) canbemappedto thebodiesof ruleswhenever they occuron
the l.h.s.of an inclusionaxiom. This naturallyleadsto thede�ni-
tion of two DL languages,classesfrom which canbemappedinto
theheador bodyof LP rules;we will refer to thesetwo languages
asL h andL b respectively.

The syntaxof the two languagesis de�ned asfollows. In both
languagesanatomicnameA is aclass,andif C andD areclasses,
thenC u D is alsoaclass.In L h , if C is aclassandR is aproperty,
then8R:C is alsoaclass,while in L b, if D ; C areclassesandR is
aproperty, thenC t D and9R:C arealsoclasses.

Using the mappingsfrom Section4.3, we cannow follow the
approachof [4] andde�ne a recursive mappingfunctionT which
takesa DL axiom of the form C v D , whereC is an L b-class
and D is an L h -class,and mapsit into an LP rule of the form
A  B . Themappingis de�ned asfollows:

T (C v D ) � ! Th (D ; y)  Tb(C; y)
Th (A; x) � ! A(x)
Th ((C u D ); x) � ! Th (C; x) ^ Th (D ; x)
Th ((8R:C); x) � ! Th (C; y)  R(x; y)
Tb(A; x) � ! A(x)
Tb((C u D ); x) � ! Tb(C; x) ^ Tb(D ; x)
Tb((C t D ); x) � ! Tb(C; x) _ Tb(D ; x)
Tb((9R:C); x) � ! R(x; y) ^ Tb(C; y)

whereA is an atomic classname,C and D are classes,R is a
propertyand x; y are variables,with y being a “fresh” variable,
i.e.,onethathasnotpreviouslybeenused.

As we saw in Section4.3, rulesof theform (H ^ H 0)  B
arerewritten astwo rulesH  B andH 0  B ; rulesof the
form (H  H 0)  B are rewritten asH  (B ^ H 0);
andrulesof theform H  (B _ B 0) arerewritten astwo rules
H  B andH  B 0.

For example,T wouldmaptheDL axiom

A u 9R:C v B u 8P:D

into theLP rule

B (x) ^ (D (z) P (x; z))  A(x) ^ R(x; y) ^ C(x)

which is rewrittenasthepairof rules

B (x)  A(x) ^ R(x; y) ^ C(x)
D (z)  A(x) ^ R(x; y) ^ C(x) ^ P(x; z):

Wecall L theintersectionof L h andL b, i.e.,thelanguagewhere
anatomicnameA is aclass,andif C andD areclasses,thenC u D
is alsoa class.We thenextendT to dealwith axiomsof theform
C � D , whereC andD arebothL -classes:

T (C � D ) � !
�

T (C v D )
T (D v C)

As we saw in Section4.2.1, rangeand domainaxioms> v
8P:D and > v 8P � :D are mappedinto def-Horn rules of the
form D (y)  P (x; y) and D (x)  P (x; y) respectively.
Moreover, class-instanceand instance-property-instanceaxioms
a : D andha; bi : P aremappedinto def-Hornfacts(i.e., rules
with emptybodies)of theform D (a) andP(a; b) respectively. We
thereforeextendT to dealwith theseaxiomsin thecasethatD is
anL h -class:

T (> v 8P:D ) � ! Th (D ; y)  P (x; y)
T (> v 8P � :D ) � ! Th (D ; x)  P (x; y)
T (a : D ) � ! Th (D ; a)
T (ha; bi : P ) � ! P (a; b)

wherex; y arevariablesanda; bareconstants.
Finally, weextendT to dealwith thepropertyaxiomsdiscussed

in Section4.2:

T (P v Q) � ! Q(x; y)  P (x; y)

T (P � Q) � !
�

Q(x; y)  P (x; y)
P (x; y)  Q(x; y)

T (P � Q� ) � !
�

Q(x; y)  P (y; x)
P (y; x)  Q(x; y)

T (P + v P) � ! P (x; z)  P (x; y) ^ P(y; z)

(1)

De�nition 1 (Description Horn Logic) A Description Horn
Logic (DHL) ontology is a setof DHL axiomsof theform C v D ,
A � B , > v 8P:D , > v 8P � :D , P v Q, P � Q, P � Q� ,
P + v P , a : D andha; bi : P , where C is an L b-class,D is an
L h -class, A; B are L -classes,P; Q are propertiesand a; b are
individuals.

Using the relationshipsof (full) DL to FOL discussedin Sec-
tion 3.1, especiallyFigure4, it is straightforward to show the fol-
lowing.

Theorem1 (Translation Semantics) The mapping T preserves
semanticequivalence. Let K be a DHL ontology and H be the
def-Hornrulesetthat resultsfrom applyingthe mappingT to all
the axiomsin K. ThenH is logically equivalentto K w.r.t. the
semanticsof FOL — H hasthe samesetof modelsand entailed
conclusionsasK.

DHL can,therefore,beviewedalternatively andpreciselyasan
expressive fragmentof def-Horn—i.e.,astherangeof T (DHL).

4.5 ExpressivePower of DHL
Althoughtheasymmetryof DHL (w.r.t. classesondifferentsides

of axioms)makesit ratherunusualby DL standards,it is easyto see
that it includes(theDAML+OIL subsetof) RDFS,aswell asthat
partof DAML+OIL whichcorrespondsto asimpleframelanguage.



As farasRDFSis concerned,wesaw in Section4.2.1thatRDFS
statementsareequivalentto DL axiomsof theform C v D , > v
8P:C, > v 8P � :C, P v Q, a : D andha; bi : P , whereC; D
areclasses,P; Q arepropertiesanda; bareindividuals.Giventhat
all RDFS classesare L -classes(they are atomic classnames),a
setof DL axiomscorrespondingto RDFSstatementswouldclearly
satisfytheabovede�nition of aDHL ontology.

DHL alsoincludesthe subsetof DAML+OIL correspondingto
simpleframelanguageaxioms,i.e.,axiomsde�ning aprimitivehi-
erarchy of classes,whereeachclassis de�ned by a frame.A frame
speci�esthesetof subsumingclassesanda setof slot constraints.
This correspondsvery neatly to a set of DL axiomsof the form
A v L h .

Moreover, DHL supportsthe extension of this languageto
include equivalenceof conjunctionsof atomic classes,and ax-
iomscorrespondingto DAML+OIL transitiveproperty, andinverse
propertystatements.

5. DEFINING DLP

De�nition 2 (Description Logic Programs) Wesaythata def-LP
RP is a DescriptionLogic Program(DLP) when it is the LP-
correspondentof someDHL rulesetRH .

A DLP is directlyde�nedastheLP-correspondentof adef-Horn
rulesetthat resultsfrom applyingthemappingT . Semantically, a
DLP is thus the f-weakeningof that DHL ruleset(recall subsec-
tion 3.2). TheDLP expressive classis thustheexpressive f-subset
of DHL. By Theorem1, DLP can, therefore,be viewed alterna-
tively andpreciselyasanexpressive subsetof DL, not just of def-
Horn.

In summary, expressively DLP is containedin DHL which in
turn is containedin theexpressive intersectionof DL andHorn.

6. MORE ABOUT TRANSLATING
As our discussionof expressive relationshipshasmadeclear,

thereis a bi-directionalsemanticequivalenceof (1) theDHL frag-
mentof DL and(2) theDHL fragmentof def-Horn.Likewise,there
is a bi-directionalsemanticequivalenceof the DLP fragmentof
DL andtheDLP fragmentof def-Horn. So far, however, we have
mostly concentratedon only onedirectionof syntacticmapping:
from DL syntaxto def-Hornsyntax(andto thecorrespondingdef-
LP), ratherthanfrom def-Horn(or def-LP)to DL. Next, we eluci-
dateour reasonsfor thisemphasis.

First,a primeimmediategoalfor theSemanticWebis to enable
rules (in LP / Horn) on top of ontologies(in DL) — more than
vice versato enableDL ontologieson top of LP or Horn rules.
Second,it is desirableto exploit the relatively numerous,mature,
ef�cient, scalablealgorithmsand implementations(i.e., engines)
alreadyavailable for LP inferencingso as to performsomefrag-
ment of DL inferencing— more than vice versato perform LP
via the fewer availableDL engines,which aredesignedto handle
moreexpressive languages(thanDLP) andmay not be optimised
for DLP ontologies.Third, ascomparedto def-Horn,DL hasa rel-
atively detailedsetof quitespeci�c syntacticexpressiveconstructs;
it waseasierto go throughtheseoneby oneto de�ne a translation
mappingthan to do so in the reversedirectionwhereonehasto
inventmorestructure/forms.

We do not have spacehereto give detailedalgorithmsandcom-
putationalcomplexity analysesof the syntactictranslations. We
will limit ourselves to some relatively high-level observations;
thesearestraightforward to show. TheT mapping,from DL syn-
tax to def-Horn/def-LPsyntax,correspondsimmediatelyto an al-

gorithm whosecomputationalcomplexity is tractable.This map-
ping is invertible (e.g., in the usualmannerof parsers)from def-
Horn/def-LPsyntaxto DL syntax,again, tractably.

7. INFERENCING
As discussedin the previous section,oneof the prime goalsof

this work is to enablesomefragmentof DL inferencingto beper-
formedby LP engines.In this sectionwe will discussthekindsof
inferencetypically of interestin DL andLP, andhow they canbe
representedin eachother, i.e.,in LP andDL respectively. Although
the emphasisis on performingDL inferencing,via our mapping
translation,usinganLP reasoningengine,thereversemappingcan
be usedin orderto performLP inferencingusinga DL reasoning
engine. In particular, we will show how inferencingin (the DHL
fragmentof) DL canbereduced,via our translation,to inferencing
in LP; andhow vice versa,inferencingin (the DLP fragmentof)
LP canbereducedto inferencingin DL.

In a DL reasoningsystem,several differentkinds of queryare
typically supportedw.r.t. a knowledge baseK. Theseinclude
queriesaboutclasses:

1. class-instancemembershipqueries:givenaclassC,

(a) ground: determinewhethera given individual a is an
instanceof C;

(b) open: determineall the individuals in K that are in-
stancesof C;

(c) “all-classes”: given an individual a, determineall the
(named)classesin K thata is aninstanceof;

2. classsubsumptionqueries:i.e., givenclassesC andD , de-
termineif C is asubclassof D w.r.t. K ;

3. classhierarchy queries:i.e.,givena classC returnall/most-
speci�c (named)superclassesof C in K and/or all/most-
general(named)subclassesof C in K;

4. classsatis�ability queries,i.e., givena classC, determineif
C is satis�able(consistent)w.r.t. K .

In addition,therearesimilar queriesaboutproperties:property-
instancemembership,propertysubsumption,propertyhierarchy,
andpropertysatis�ability. Wewill call QD L thelanguagede�ned
by theabovekindsof DL queries.

In LP reasoningengines,thereis onebasickind of querysup-
portedw.r.t. a rulesetR : atomqueries.Theseinclude:

1. ground:determinewhetheragroundatomA is entailed;

2. open(groundis actuallya specialcaseof this): determine,
given an atom A (in which variablesmay appear),all the
tuplesof variablebindings(substitutions)for whichtheatom
is entailed.

We call QLP the languagede�ned by the above kinds of LP
queries.

Next, we discusshow to reduceQD L querying in (the DHL
fragmentof) DL to QLP queryingin (the DLP fragmentof) LP
usingthemappingT . We will assumethatR is a rulesetderived
from a DL knowledgebaseK via T , andthatall QD L queriesare
w.r.t. K .

QLP (ground or open) atom queriescan be usedto answer
QD L (groundor open)class-instancemembershipquerieswhen
the classis an L h -class,i.e., a is an instanceof C iff R entails



T (a : C). WhenC is an atomicclassname,the mappingleads
directly to a QLP atomquery. WhenC is a conjunction,the re-
sult is a conjunctionof QLP atomqueries,i.e., a is an instance
of C u D iff R entails T (a : C) and R entails T (a : D ).
WhenC is a universalrestriction,themappingT (a : 8P:C) gives
T (C; y)  P (a; y). Thiscanbetransformedinto aQLP atom
queryusinga simplekind of skolemisation,i.e.,y is replacedwith
a constantb, whereb is new in R , andwe have a is aninstanceof
8P:C iff R [ f P (a; b)g entailsT (b : C).

The caseof property-instancemembershipqueriesis trivial as
all propertiesareatomic: ha; bi is an instanceof P iff R entails
P (a; b).

Completeinformationaboutclass-instancerelationships,to an-
sweropenor “all-classes”class-instancequeries,canthenbe ob-
tainedvia class-instancequeriesaboutall possiblecombinationsof
individualsandclassesin K.9 (Notethatthesetof namedindividu-
alsandclassesis known, andits sizeis worst-caselinearin thesize
of theknowledge/rulebase.)

For L h -classes,QD L classsubsumptionqueriescanbereduced
to QLP using a similar techniqueto class-instancemembership
queries,i.e.,C is asubclassof D iff R [ fT (a : C)g entailsT (a :
D ), for a new in R . For QD L propertysubsumptionqueries,P is
a subpropertyof Q iff R [ P (a; b) entailsQ(a; b), for a; b new in
R .

Completeinformationabouttheclasshierarchy canbeobtained
by computingthepartialorderingof classesin K basedonthesub-
sumptionrelationship.

In theDHL (andDLP) fragment,determiningclass/propertysat-
is�ability is a non-issueas,with the expressive power at our dis-
posalin def-Horn, it is impossibleto make a classor a property
unsatis�able.

Now let us considerthe reversedirectionfrom QLP to QD L .
In the DLP fragmentof LP, every predicateis eitherunaryor bi-
nary. Everyatomquerycanthusbeviewedasabouteitheranamed
classor a property. Also, generallyin LP, any openatomqueryis
formally reducibleto a setof groundatomqueries—onefor each
of its instantiations.ThusQLP is reducibleto class-instanceand
property-instancemembershipqueriesin DL.

To recap,wehaveshown thefollowing.

Theorem2 (Infer encingInter -operability) For L h -classes,
QD L queryingin (theDHL fragmentof) DL is reducibleto QLP
queryingin (theDLP fragmentof) LP, andviceversa.

8. TRANSLATION TO DATABASES
Luckily, Logic Programmingis also an elegant languagefor

data-orientedproblems,for exampleit allows one to obtain lan-
guagesequivalentto known databaselanguagesby makingvarious
syntacticrestrictions.Onelanguagethat canbe obtainedby such
restrictionsis Datalog,which underliesdeductive databases,and
closelycorrespondsto the def-Hornsubsetof FOL introducedin
Section3.

8.1 Translation to relational databases
Datalog programscan be implementedon top of relational

databases.To performthis implementationall explicit factsof a
predicateP arestoredin adedicatedtablePE xt . All non-recursive
rulesaretranslatedto relationalviews. Rulebodiesaretranslated
to appropriateSQL queries(usuallyoperatingon otherviews). To
obtain all explicit and implicit information, a view is de�ned to

9Moreef�cient algorithmswouldnodoubtbeusedin practise.

representeachpredicatep. Thequeryof theview integratestheex-
plicit information,foundin pext with thequeriesthatrepresentthe
bodiesof thoseruleswherep is thehead.Theinterestedreadermay
referto [18] for anin-depthdescription,algorithmandproof. Intu-
itively, this result follows from the following substitutions:each
Datalog-rulecan be simulatedusing the select-from-wherecon-
structof SQL; multiple rulesde�ning the samepredicatecanbe
simulatedusingunion; andnegation in rule bodiescanbe simu-
latedusingnot in.

To computetheanswerfor userqueriesthetranslatedviews are
used. This realisesa form of bottom up processing,since the
queriesinvolved in view de�nitions are performedon the exten-
sional dataand intermediateresultsare propagatedup to a �nal
query, which is theuserquery. This resultsin many irrelevantfacts
being computedin the intermediatesteps;more ef�cient proce-
duresbasedon sidewaysinformationpassinghave, however, been
developedin thedeductivedatabaseliterature.

The above mentionedstrategy is, however, not possiblefor re-
cursively de�ned rules.Hereadditionalprocessingis required.

8.2 Handling recursion
Modernrelationaldatabasesystems,which supporttheSQL:99

standard,canprocesssomelimited form of recursion,namelylin-
earrecursionwith a pathlengthone. Hence,thepredicateusedas
the rule headmay occuronly oncein the rule body. Cyclesother
thansuchlinearself-referencescanalsonotbeimplemented.

Usually, binaryrecursive rulessuchastransitivity canberewrit-
ten into a linear form. E.g. the mappingfor transitive properties
(see1) canberewritten into

P(x; y)  PE xt (x; y):
P (x; z)  PE xt (x; y) ^ P(y; z):

Theusualstrategy to computetheremainingformsof recursive
rules in relationaldatabasesis in-memoryprocessingusingsome
iterativestrategy, e.g.themagictemplateprocedure[15].

Indirect Recursion. The remainingcasesof non-linearrecur-
sionthatcannotberewritten into theSQL:99constructsaremainly
representedby thepossibilityof having cyclical classandproperty
hierarchies.

Wecan,however, translatethiscaseinto thedatabaseby exploit-
ing the observation that this form of recursiondecomposesinto
unions,sinceno join processingof intermediateresults(suchas
involved in computingthe transitive closureof transitive proper-
ties) is necessary. This is immediatelyclearfor classes,sincethey
aremonadicpredicates.A closerlook at all axiomswherebinary
predicates(properties)are in the headrevealsthe same. Hence,
thesecyclic referencescanbe implementedvia an algorithmthat
detectsequivalenceclasses(eachconstitutedby acycle) in graphs.
All incomingedgesto an equivalenceclassmustbe duplicatedto
all membersof the equivalenceclass; this may doneby using a
new intermediatepredicateto collect the incomingedgesandde-
riving themembersof theequivalenceclassfrom this intermediate
predicate.Afterwards,all rulesthatconstitutethecyclic references
within the equivalenceclassmay safelybe removed. The reader
may notethat this canalsobe performed(with appropriateadap-
tions)on thecyclic referencesimposedby inverseproperties.

8.3 Implementation
We have usedtheabove techniquesto realisea prototypicalim-

plementationof DescriptionHorn Logic basedon theDatalogen-
ginewritten by Boris Motik in theKAON project.Theimplemen-
tation,calledBubo(aftertheLatin nameof thebiologicalgenusof



eagleowls), is freelyavailableathttp://kaon.semanticweb.org/owl/.
Initial testsof Bubohavebeenencouraging,but muchmorework

needsto bedonein orderto determineif thebene�tspromisedby
theDLP-fusionapproacharedeliveredby this implementation.

9. DISCUSSION
In this paper we have shown how to interoperate,semanti-

cally and inferentially, betweenthe leading SemanticWeb ap-
proachesto rules (RuleML Logic Programs) and ontologies
(OWL/DAML+OIL DescriptionLogic). We have begunby study-
ing two new KRs, DescriptionLogic Programs(DLP), which is
de�ned by the expressive intersectionof the two approaches,and
thecloselyrelatedDescriptionHornLogic (DHL).

Wehaveshown thatDLP(orDHL) cancaptureasigni�cant frag-
mentof DAML+OIL, includingthewholeof theDAML+OIL frag-
mentof RDFS,simpleframeaxiomsandmoreexpressiveproperty
axioms. The RDFSfragmentof DL permits: statingthat a class
D is a Subclassof a classE; statingthat theDomainof a property
P is a classC; statingthat the Range of a propertyP is a classC;
statingthat a propertyP is a Subpropertyof a propertyQ; stating
that an individual b is an Instanceof a classC; andstatingthat a
pair of individuals(a,b) is an Instanceof a propertyP. Additional
DLP expressively permits(within DL): usingtheIntersectioncon-
nective (conjunction)within classdescriptions(i.e., in C, D, or E
above); using the Union connective (disjunction)within subclass
descriptions(i.e., in D above); using(a restrictedform of) Univer-
sal quanti�cationwithin superclassdescriptions(i.e., in E above);
using (a restrictedform of) Existentialquanti�cation within sub-
classdescriptions(i.e., in D above); statingthat a propertyP is
Transitive; statingthatapropertyP is Symmetric; andstatingthata
propertyP is theInverseof apropertyQ.

Many of theontologiesin theDAML ontologylibrary areinside
this fragmentof DAML+OIL. An immediateresultof this work is
thatLP enginescouldbeusedfor reasoningwith theseontologies
andfor reasoningwith (possiblyvery largenumbersof) facts,such
aswebpageannotations,thatusevocabularyfromtheseontologies.

This work representsonly a �rst stepin realisinga morecom-
plete interoperabilitybetweenrules and ontologies,and the lay-
ering of ruleson top of ontologylanguagesin the SemanticWeb
“stack”. We wereableto illustrateits utility boththeoreticallyand
within our prototypicalimplementation.We believe,however, that
our studyof the expressive intersectionwill provide a �rm foun-
dationfor futureinvestigationsof moreexpressive languagesup to
andincludingtheexpressiveunionof rulesandontologies.

Futurework will include extendingthe mappingto additional
DL primitives,in particularthosewhich requiretheability to state
andderive the equalityof individuals,suchascardinalityrestric-
tions(includingfunctionalproperties)andnominals(extensionally
de�ned classes).
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